Grand canonical Monte Carlo and histogram reweighting techniques are used to study the fluid-phase behavior of an athermal system of colloids and nonadsorbing polymers on a fine lattice in the "protein limit," where polymer dimensions exceed those of the colloids. The main parameters are the chains' radius of gyration, R g , the diameter of the colloids, σ c , and the monomer diameter, σ s . The phase behavior is controlled by the macroscopic size ratio, q r = 2R g /σ c , and the microscopic size ratio, d = σ s /σ c . The latter ratio is found to play a significant role in determining the critical monomer concentration for q r 4 and the critical colloid density for all chain lengths. However, the critical (osmotic) pressure is independent of the microscopic size ratio at all macroscopic size ratios studied. Quantitative agreement is observed between our simulation results and experimental data. We scale our results based on the polymer correlation length, which has previously been suggested to universally collapse these binodals [Bolhuis et al., Phys. Rev. Lett. 90, 068304 (2003); Fleer and Tuinier, Phys. Rev. E 76, 041802 (2007)]. While the density binodals exhibit universal characteristics along the low-colloid-density branch, such features are not present in the corresponding high-density phase. However, pressure binodals do collapse nicely under such a scaling, even far from the critical point, which allows us to produce a binodal curve whose shape is independent of either size ratio.
I. INTRODUCTION
The addition of nonadsorbing polymers to a suspension of colloids has long been known to give rise to an effect known as depletion. This phenomenon, first described theoretically by Asakura and Oosawa [1, 2] , arises as nearby colloids mutually exclude polymers from within their overlapping depletion radii, creating an osmotic pressure imbalance between the locally polymer depleted region and the bulk. This creates an effective attraction between the suspended colloids which can induce phase separation into colloidal liquid-like and vaporlike phases. This is a highly advantageous system to study not only for its applications in industrial [3] and biological [4] settings, but also because it represents a controllable model for fluids. While molecular fluids have intermolecular forces fixed by their structural and electronic properties, colloid-polymer systems allow the experimentalist to tune these interactions for a wide array of technological applications [5] .
As originally surmised by Asakura and Oosawa, these effects also play an important role in biochemical systems, though their significance is only now beginning to be fully appreciated [6] . While a single depletion interaction between two colloids may only be of the order of one k B T , many such interactions may work in concert, with a total energy comparable to that of a hydrogen bond in a protein. For instance, it has been demonstrated that depletion forces play a role in actin dimerization and bundling, and the addition of noninteracting crowding agents, such as polysaccharides, has been shown to increase the refolding rates of proteins, such as hen lysozyme, two to five times times over its uncrowded state [7] . In fact, the common practice of adding large macromolecules to assist in the crystallization of smaller proteins has given the "protein limit" its moniker [8] . Due to the ubiquity of depletion, the need to understand the underlying physics becomes readily apparent.
* azp@princeton.edu Typically, colloid-polymer systems are characterized by the ratio q r = 2R g /σ c , where R g is the polymer's radius of gyration, generally estimated in its pure or reservoir state, and σ c is the colloid diameter. In the "colloid limit" (q r < 1), polymer dimensions are smaller than those of the colloid and their internal degrees of freedom are often negligible. As a result, coarse-graining the polymers has proven to be a successful technique in this limit. In the less explored "protein limit" (q r > 1), where polymer dimensions exceed those of the colloid, neglecting these degrees of freedom is less appropriate. Investigations in this limit can be rather tedious as monomer interactions, solvent quality, and many-body effects become increasingly important [9] [10] [11] [12] [13] [14] . Nonetheless, this limit is at least as important as the colloid limit for many applications.
Early scaling analysis of the protein limit led many to believe widespread miscibility would be observed [15, 16] , until it was later shown that such mixtures do, in fact, phase separate [17, 18] . In the protein limit, phase separation is observed at much higher polymer concentrations than in the colloid limit. Due to increased polymer-polymer interactions at these concentrations, the characteristic interaction length scale (depletion radius) is reduced from the polymer's radius of gyration to its correlation length, ξ [15] . As a result, the phase behavior shifts from being governed by the chain length (in the colloid limit) to the polymer volume fraction (in the protein limit).
With sufficiently short-ranged attractions or high enough packing densities, fluid-fluid coexistence becomes metastable with respect to a fluid-solid transition [12, [19] [20] [21] . Estimates of this limit in terms of q r range from roughly 0.15 for purely pairwise interactions [19] to approximately 0.32 for perturbation [20] and free volume theories [21] and up to 0.45 for lattice simulations [22] . In the protein limit q r is in sufficient excess of these estimates, so we restrict our considerations in this report to fluid-fluid phase behavior only.
Many theories have been proposed to describe the phase behavior of colloid-polymer systems, including density-functional [23] [24] [25] [26] , thermodynamic perturbation [20, 27, 28] , integral equation [10, [29] [30] [31] [32] , free volume (or osmotic equilibrium) [21, 33] , and generalized free volume (GFVT) theories [34] [35] [36] . Many of these, while generally accurate in the colloid limit, break down in the protein limit. It is now well established that internal polymer degrees of freedom affect local polymer structure and potentially phase behavior [31, [37] [38] [39] , though the details of such effects remain to be elucidated. Simulations offer unique insights into these details.
Bolhuis et al. [13] investigated the protein limit with athermal cubic lattice Monte Carlo simulations for the case of freely interpenetrating polymers and polymers with monomer excluded volumes. As in the colloid limit [12] , excluded volumes were found to play a critical role in determining the phase behavior of these systems. As q r tends to infinity, excluded volume effects impose a finite critical colloid volume fraction on the system, φ
c ≈ 0.24, whereas chains that are free of mutual exclusions exhibit no such finite value, with the critical volume fraction instead trending to zero. This finite critical colloid concentration behavior for chains with excluded volumes has been confirmed by other authors [27, 40, 41] ; however, for higher resolution lattices this limiting value has been found to be approximately 0.128 [41] , lower than previously reported. On a coarser lattice, excluded volume interactions may be artificially inflated, whereas a finer lattice more closely approximates the colloids' spherical shape, potentially reducing this effect. In this paper we seek to explore properties obtained on a finer lattice in the hopes of contrasting these two models, as recent experimental studies compare much more favorably with the finer lattice results [42, 43] . Furthermore, in such a model it has been previously demonstrated that, in addition to q r , phase behavior is affected by the ratio of the size of colloid and polymer segments, d = σ s /σ c [41] . As this ratio can be chosen freely in both simulations and, to a certain degree, in experiments, it is of great importance to understand the influence of this parameter.
Another common approach to study the phase behavior of athermal colloid-polymer systems is the use of statistical associating fluid theory (SAFT). The core of this theory and its application to chain molecules lies in the use of Wertheim's first-order perturbation theory for associating fluids (TPT1) [44] . It has been shown that in the limit of infinitely strong association, a simple expression for the Helmholtz free energy of a fully flexible chain fluid can be obtained. Earlier work using this approach suggests that there is an upper limit to d of roughly 0.22, above which negative mixing volumes prevent phase separation in athermal systems altogether [27] , though some lattice work has seen demixing as high as d = 0.577 [41] . In this paper we seek to investigate these disparities and systematically describe the resulting phase behavior's dependence on both the macroscopic and microscopic size ratios, q r and d.
In the present work, we use a combination of grand canonical Monte Carlo and histogram reweighting techniques, which are well suited to studying fluid-phase behavior [45] , to investigate the behavior of athermal (hard-sphere) colloidpolymer systems on a "fine lattice" in the protein limit. To distinguish the independent effects of d and q r we create a grid of chain lengths and colloid sizes (cf. covers a wide range of d values at constant q r and vice versa. We also give some consideration to the behavior of system pressure under the influence of these parameters as we can find no simulation literature with such explicit measurements. As both experiment and simulation make use of additional, generally implicit, solvents in these systems, controlling the osmotic pressure of this component represents a mechanism by which to modulate system pressure and potentially tune the phase behavior. We are able to draw some comparison to theory by examining GFVT and TPT1 predictions, and to some experimental observations at similar conditions. We find that this model is able to quantitatively reproduce experimental binodals and illustrates both qualitative and quantitative deviations of the aforementioned theories, which, to our knowledge, have not been previously demonstrated.
The rest of the paper is organized as follows. Section II outlines the model and simulation techniques we employ, as well as the relevant thermodynamic properties. In Sec. III we discuss our results and comparisons to TPT1 and GFVT predictions. Section IV addresses critical point scaling and the merits of previously suggested universal scaling properties [13, 34, 36] of the density binodals. Finally, Sec. V examines the applicability of these scaling arguments for the pressure.
II. MODEL AND METHODS
We model polymers as lattice chains composed of hardsphere monomers with a diameter of one lattice spacing (σ s = 1) and colloids as hard spheres with a radius given in units of the underlying lattice. The lattice has a coordination number z = 26; that is, we consider each lattice site to have 26 nearest neighbors located on a three-by-three-by-three cube surrounding the site, rather than 6 as in a standard cubic lattice. In order to investigate the monomer excluded volume effects, we scale the colloid radius and corresponding polymer length M at a chosen q r value. The chain lengths are estimated from the desired radius of gyration according to the known scaling [46] in the dilute limit, R g = 0.508M 0.588 , where we obtained the prefactor by logarithmic fitting for this lattice (z = 26). The values of q r are generally constant along the diagonals of Table I , except for small deviations due to the discreteness of the chain length. For this lattice, we find that our scaling holds even for chain lengths as small as M = 10 for which the scaling suggests R g = 1.97; for purely polymer systems with a monomer volume fraction less than 0.03, we recover this exactly, with minor deviations only occurring, as expected, with increasing density (for instance, above a monomer density of 0.4, R g ≈ 1.95 ± 0.01).
Grand canonical Monte Carlo simulations were performed at fixed colloid, βμ c , and polymer, βμ p , chemical potentials, where β = 1/k B T . In an athermal environment, temperature only enters the simulation in these products. Since the only interactions are excluded volumes, the lattice calculations can be made very fast even at high volume fractions, through the maintenance of an occupancy matrix. We insert and delete chains by employing configurational-bias methods [47] , whereas colloid moves, in addition to insertion and deletion, include displacements by a single lattice site. These moves are accepted or rejected with the standard Metropolis criteria. The periodic cubic simulation box dimensions are always above 2R g of the polymer. Equilibration periods, while dependent on chain size, generally varied from 2 × 10 8 to 5 × 10 9 steps; higher values become necessary in the limit of very large colloids, where insertion acceptance rates are much lower than 1%, and for long chains where equilibration can be slow. However, because of the speed at which lattice moves are executed, we are able to equilibrate the systems in a reasonable time. Ratios of moves were adjusted by trial and error to optimize the efficiency of sampling, and production runs were divided into ten blocks, generally lasting five to twenty times as long as equilibration, to estimate average properties and their statistical uncertainties.
We employ mixed-field finite-size scaling [48, 49] and histogram reweighting [50] [51] [52] to obtain critical points and subsequently the binodal curves. By systematically varying combinations of βμ p and βμ c we collect histograms of particle number distributions for the colloids, N c , and polymers, N p . Preliminary runs which displayed a characteristic doublypeaked probability distribution, P (N ), of total number of species in the box, N , were reweighted to obtain a preliminary fit to the known three-dimensional Ising distribution. During fitting the field mixing parameter was also optimized to improve agreement. At this point, a much longer run was performed to verify criticality and a further reweighting done using the equal peak weighting criterion to obtain a coexistence curve. Using estimates of this coexistence at sufficient distance from the critical point we can cover large regions of the binodal curve very quickly by performing new simulations progressively further and further from the critical point, and iteratively patching their histograms together.
The pressure was obtained as follows. At each state (βμ c ,βμ p ) sampled, the histogram provides a frequency, f (N c ,N p ), which is related to its entropy via
Entropy, S = k B log (N c ,N p ,V ), is easily recovered from the right-hand side of
The total partition function, (βμ c ,βμ p ,V ), is estimated up to an arbitrary constant by summing the contribution at each point (N c ,N p ) sampled; after appropriate patching, the difference in macroscopic pressure between two states, (βμ c ,βμ p ) and (βμ c ,βμ p ), is obtained from
In order to establish absolute pressure, we simulated systems at low colloid density (βμ c ≈ −10) for each colloid size, in the absence of polymer, to achieve an ideal-gas state. We verify this state by comparing the imposed chemical potential to the measured density, which for an ideal gas should be given by βμ c = log(ρ c ), which defines our reference state. When we find negligible deviation from this relation, we define the pressure at this point according to the ideal-gas law. For convenience, we perform a number of additional runs at progressively higher βμ c and patch them together using the aforementioned techniques. We find good agreement with the Carnahan-Starling model up to reduced colloid densities around 0.6, above which known lattice artifacts begin to appear [53] . We then define a path from any given state to some measured reference, void of polymer, by incrementally reducing βμ p , where pressure is now known absolutely. By patching these histograms together we can obtain the pressure at any arbitrary state via Eq. (3). All critical points were replicated four times using different random number generator seeds; averages, in addition to their 95% confidence intervals, are reported here in the text as well in the Supplemental Material (SM) [54] . However, we do not show any error bars in the figures, because statistical uncertainties are smaller than symbol size. In addition, finite-size effects were checked by repeating critical point simulations with boxes 10% and 20% larger along each dimension (cf. SM), though this effect was found to be negligible; extrapolations of critical densities to an infinite box size were within the 95% confidence intervals in all cases. GFVT predictions were obtained using the scaling procedures outlined by Fleer and Tunier [34] , and our TPT1 results follow from the work of Paricaud et al. [27] .
III. SIMULATION RESULTS
We begin our comparisons with the smallest colloid size; for σ c = 4, the resulting density and pressure binodals are shown in Figs. 1 and 2 , respectively. All data are given in reduced units, where we report binodals in terms of the reduced colloid density, ρ c σ
c , and monomer concentration, η p = MN p /V , which is well defined on a lattice, rather than polymer volume fraction. It is worth noting this convention explicitly as it is common to use the latter:
However, the radius of gyration of a chain is subject to change suddenly during a phase transition or in the vicinity of a colloid; the exact nature of these changes remains a subject of discussion [25, 37, 39, [55] [56] [57] [58] [59] , so we avoid a convention which uses this explicitly. It is immediately apparent from Fig. 1 that increasing the chain length broadens the range of immiscibility, decreasing both the critical colloid and monomer densities, consistent with previous fine-lattice results [41] . A similar trend is observed 051402-3 for pressure in Fig. 2 , with the critical pressure decreasing with increasing chain length. It is worth mentioning that if the data are represented in terms of polymer volume fraction given by Eq. (4), under the assumption that R g remains roughly constant throughout both phases, the curves in both Figs. 1 and 2 scale in the opposite direction. This is simply because the radius of gyration scales faster with M than the corresponding decrease in monomer number density associated with longer chains, consistent with the trends reported by Bolhuis et al. under such a representation [13] .
Using the scaling arguments presented in Ref. [34] , we reproduce the corresponding predictions of GFVT, given on the corresponding figures. Immediate qualitative and quantitative differences are obvious. We attribute the qualitative disagreement in the direction of scaling of the critical points with monomer density in GFVT to the nature with which GFVT estimates free volume; with no analytical alternative, this theory, like its predecessor [21, 33] , employs the well-known scaled particle expression by using a Widom-like technique to estimate the free volume available to the polymer. However, this technique is strictly only true in the limit of vanishingly small monomer (or polymer) volume fraction. As we push into the protein limit this assumption is increasingly difficult to justify and leads to overestimation of the free volume fraction, especially at high colloid densities, even for q r as low as 1.05 [34] ; as a result, η p tends to be overpredicted, especially along the colloidal liquid-like (high-density) branches, consistent with the observed disparities in critical point scaling. Similar trends are obtained for larger colloids as well (cf. Figs. 3 and 4 for σ c = 8); however, quantitatively it appears that GFVT results improve both for the binodal curves and for the critical points. This trend continues for σ c = 16, though the qualitative disagreement in the direction of critical point scaling with monomer concentration is not improved (cf. SM).
Relative to GFVT, the deviations associated with the estimates from TPT1 are more significant. For σ c = 4, contrary to our simulation results, TPT1 does not predict any demixing. For larger colloids, however, the theory makes predictions about the scaling of the critical point densities and pressures consistent with simulation trends: for a fixed colloid diameter, both the critical pressure and densities (colloid and monomer) decrease with increasing chain length. The pressure curve for M = 33 in Fig. 4 is omitted as it is in significant excess of any curves on the figure; it is instead relegated to the SM for the interested reader. At even larger colloid diameter (σ c = 16), TPT1 begins to underpredict the density binodals (cf. SM). At present, TPT1 is a commonly employed tool for many industrial applications such as the prediction of polymer-solvent systems' phase behavior. However, to our knowledge, the significant deviations observed here between TPT1 and simulation results for athermal systems have not been previously reported. We associate these differences with one main assumption in the TPT1 treatment; in this theory, N-body correlations are linearly approximated such that they may be factored into N − 1 pairwise distributions as described in detail elsewhere [27] . This results in the loss of information on the structure of the chain and an incorrect Flory scaling exponent ν of 0.5 rather than 0.588 [60] . One consequence is that the chain lengths we have described so far would give much smaller values of q r in a TPT1 treatment; we investigated potentially improved agreement by changing the Flory exponent to 0.5 and recalculating the chain lengths that would recover the proper q r values in Table I . While TPT1 estimates show some improvement with, for instance, σ c = 8, it is not substantial enough to be illustrated here (cf. SM), and the issue of many-body effects continues to manifest in obvious deviation from our simulation curves.
We further extend our study to include colloids of diameters that are not an integer multiple of the lattice spacing (cf. Table I ). In lattice systems, spatial discreteness can play an important role in the phase behavior of hard spheres [53] . For comparison, we reproduce data at conditions reported in Chou et al. [41] for a colloid of diameter 5 √ 2 ≈ 7.071, in the interest of quelling the concern that such lattice artifacts may play a significant role. We select chain lengths that are most appropriate for q r comparisons with our grid; although some deviations are obvious, as we will show, their effects are quite small. The resulting density and pressure critical points and binodals show precisely the same trends as previously illustrated, suggesting that such lattice artifacts are negligible; consequently, we relegate these curves (density and pressure binodals) to the SM in the interest of brevity.
IV. DENSITY SCALING
In the protein limit, de Gennes has shown that the free energy cost to insert a hard sphere into an athermal polymer medium scales purely as a function of the size of the sphere and the polymer correlation length when σ c /2 < ξ [15] :
However, the correlation length is a density-dependent quantity which scales according to the dimension and concentration of chains as ξ ∼ R g φ −ν/(3ν−1) p [15] , where ν is the Flory exponent, which to be consistent with our estimation of R g we take as 0.588. Substitution in Eq. (5) results in a simple expression for the free energy in terms of q r :
Bolhuis et al. used this result to rescale density binodals in terms of the ratio of colloid diameter and correlation length, to obtain what appears to be a universal binodal [13] , at least in the vicinity of the critical point, for q r 4. Fleer et al. also obtained a similar characteristic scale, Y , in their derivation of GFVT for density-dependent depletion radii [34] :
Here η p,ov = 3M/(4πR 6, suggesting that there is an upper bound to Y crit rather than a lower bound as observed in simulation. Again, we attribute the disparity to the overprediction of free volume fraction. The second observation is that, for large enough colloids (σ c > 4), the critical points collapse onto a single line, whereas the results for σ c = 4 stand apart. This effect has been predicted with polymer reference interaction site model (PRISM) integral equation theory in concentrated polymer solutions under the auspices that the depletion force for systems with d 0.16 collapses to a uniform curve at all interparticle separations studied [32] . Hooper et al. [32] suggest an explanation by analogy to a confined fluid, where, for d 0.16, curvature effects become increasingly pronounced. Whereas for larger colloids, these effects decay quickly as the particle's surface feels sufficiently "flat" to the surrounding monomers. For both colloid density and scaled monomer concentration, this curvature effect serves to lower the critical point, encouraging demixing and destabilizing the mixture. Extrapolation to Y crit ≈ 0.1 for large q r yields a critical colloid density (for d < 0.25) of approximately 0.25, which is in excellent agreement with experimental studies on sterically stabilized silica nanoparticles with poly(isoprene), for which a limiting value of 0.248 has been reported [43] . However, the observation of finite, decreased critical concentrations for d = 0.25 stands in stark contrast to TPT1's prediction that the critical colloid packing fraction should increase (become more stable) with increasing d and, in fact, above d = 0.22 suggests no demixing whatsoever regardless of chain length [27] .
It is convenient to represent the binodal curves in terms of reduced quantities, that is, densities scaled by their critical point values, summarized in Fig. 7 . The curves for d < 0.25 (σ c > 4) collapse nicely onto their counterparts at the same q r ; however, for d = 0.25, small deviations occur along the high-colloid-density branch. Overall, there is "pivoting" about the critical point as q r is increased. The colloid density tie lines become "flatter" (i.e., their slopes are reduced); since above q r ≈ 4 the reduced colloid density reaches a constant value, the differences in reduced quantities are equivalently related by a constant factor to their absolute partitioning. As a result, we see that, far into the protein limit, the colloid partitioning between the phases is progressively reduced. This arising symmetry of colloid densities suggests a role reversal, as first highlighted by Paricaud et al. [27] , where it is instead more appropriate to consider the colloids depleting the polymers rather than the conventional idea that colloids are depleted by the polymers. This makes the analogy of a colloidal "vapor-liquid" transition less appropriate, whereas a polymeric "vapor-liquid" transition may be more accurate. The arising asymmetry of monomer densities is not immediately apparent from Fig. 7 as the critical monomer concentration does not reach a constant value in the limit of long chains. Rather, the pressure binodals in Fig. 2 or  4 illustrate how the monomer concentration tends toward an almost zero value along the high-colloid-density branch of the binodal as chain length increases at constant colloid diameter, whereas the corresponding low-colloid-density phase retains most of the polymer. Therefore, for very long chains, the system is composed of one phase nearly devoid of all polymer, in equilibrium with another phase containing the majority of it, for which colloid densities are roughly equivalent in each phase.
In keeping with the desire to produce a "master binodal" under the proposed rescaling, we considered the binodals in terms of reduced colloid density and Y . However, unlike previous lattice results which found collapse of the binodals regardless of q r [13] , we are unable to obtain such a contraction (cf. SM for more details). The reason is clear upon examination of Fig. 7 ; the curvature of the high-colloid-density portion of the binodal increases sharply as q r is increased while the low-colloid-density branch experiences a less dramatic, though still non-negligible, shift with increasing q r . As a result, no rescaling is expected to be able to capture (in reduced quantities or not) this density-dependent curvature along the high-colloid-density branch, which directly results from the progressive polymer partitioning. We conclude that the premise for this rescaling, which is that the underlying polymer matrix is responsible for the observed phase behavior, is inadequate due to progressive reduction of polymer density in the corresponding high-colloid-density phase, making the concept of a polymer "mesh" in this phase less appropriate. This is consistent with our results for GFVT which agree more quantitatively for the low-colloid-density branch of the binodals in Fig. 3 , for instance, than their high-density counterparts.
Most previous lattice investigations were performed on a cubic lattice (z = 6), which resulted in much higher polymer (monomer) densities [13] . As a result, these effects near a reduced monomer concentration of zero would have been very far from their critical point and were not investigated in that report. Closer to our critical point, such a rescaling of our data does seem plausible, but it is of little interest as its utility is lost far from the critical region. However, this does not entirely invalidate the concept of rescaling, as, along the low-colloiddensity branch, polymer density may be high enough to justify this concept.
To validate these observations we turn to experimental results. Mutch et al. [62] have reported a similar observation of the collapse of the low-colloid-density branch under arbitrary scaling of Y , while the nontrivial curvature changes along [42, 43, 62] at comparable q r . Extension to much larger q r illustrates the continuing influence of the macroscopic size ratio on the shape of the binodals, despite a convergence of their absolute critical values.
the high-density branch prevent the implementation of a meaningful scaling along this curve; however, we know of no previous theoretical or simulation results that have supported this observation. We draw further comparison through the examination of the binodal curves from several more authors [42, 43, 62] in Fig. 8 performed at small d and macroscopic size ratios near 4. Remarkably, the simulation results agree with experiments not only qualitatively but rather quantitatively as well. Exact comparison at precisely the same size ratio is not feasible, but the agreement is nevertheless striking. Experiments performed at significantly higher size ratios (q r = 10,19) are also displayed on the curve to illustrate the relatively small magnitude of deviations and the continuing dependence of binodal curvature on the macroscopic size ratio despite a convergence of the critical points for large q r . With increasing macroscopic size ratio, the density binodals continue to "pivot," increasing the symmetry in colloid density as q r increases, consistent with our previous conclusions.
V. PRESSURE SCALING
Finally, we consider the nature of the pressure-density binodals, which have not been previously studied. The reduced critical pressure versus scaled critical monomer concentration curves collapse for all values of d, unlike the critical densities, which exhibit a dependency at sufficiently small colloid diameters. Figure 9 illustrates the decreasing trend of the critical pressure with decreasing Y crit (increasing q r ). We note two regimes: the first is at reasonably large Y crit , which occurs at small q r for d < 0.25, where the trend appears as an almost linear decay with an increasing macroscopic size ratio (decreasing Y crit ); this gives way to what we loosely refer to as an exponential decay as Y crit begins to approach its limiting value of approximately 0.1. For sufficiently small colloids, half of the points we measure appear to fall within the latter regime, without much access to the former. Extrapolating to the long-chain limit of Y crit ≈ 0.1 we find a finite reduced critical pressure of approximately 0.4, in the same range as the TPT1 [27] and density functional theory [60] estimates of 0.31 and 0.72, respectively.
The entire pressure binodals are rescaled in Fig. 10 , which employs multiplicative prefactors to scale the binodals to an Collapse of the data is observed, even relatively far away from the critical point. Uncertainties in the simulation pressure binodals are higher than for density, as the calculation method relies on the estimation of the entire partition function at these conditions rather than a simple average of single quantities (densities). Some fluctuations appear, notably for the case of σ c = 8, M = 350, possibly due to these uncertainties. However, this collapse occurs for both branches of the pressure binodal, unlike the density binodals, which only collapse at low colloid densities. As with the low-colloid-density branch of the density binodals, this demonstrates that, even far from the critical point, the characteristic shape of the binodal is independent of the details of either the macroscopic or microscopic size ratio. This suggests that the system pressure may be a more natural thermodynamic variable with which to understand these systems, an observation previously alluded to in GFVT (like its predecessor [33] ) which takes as its natural variable the osmotic pressure of the polymer reservoir relative to the background solvent. It follows that this implicit solvent osmotic pressure may be fruitfully employed to control the internal pressure in these systems acting as a tuning mechanism for the universal phase behavior. Fig. 7 . The line serves as a guide to the eye. The arbitrary scaling factors used to obtain these curves are listed in the SM.
VI. CONCLUSIONS
In this work, we have investigated the effects of the microscopic (d) and macroscopic (q r ) size ratios on phase behavior in a model athermal colloid-polymer system in the protein limit. We find that, contrary to previous lattice simulations [13] and suggestions made by GFVT [34] , phase behavior may not be universally rescaled by considering the ratio between colloid diameter and polymer correlation length (or scaled monomer concentration, Y = η p /η p,ov q −1.3 r ); however, in some cases, it does prove to be a useful tool with which to examine critical point scaling and binodal curvature. To this end, we find that the monomer to colloid size ratio, d, plays an important role in determining the critical point with sufficiently small colloids, whereas larger colloid diameters (d < 0.25) produce behavior that is seemingly independent of this ratio in reduced parameter space. In the small-colloid limit, both the critical colloid density and scaled monomer concentration shift to lower values, effectively destabilizing the mixture. This supports the interpretation that the disparity between our fine-lattice results and those on a coarser cubic lattice [13] may be due to steric stabilization effects subject to the accuracy of the representation of the colloidal surface curvature. However, for large enough macroscopic ratios (q r 4) this dependence on the microscopic size ratio seems to disappear from the scaled critical monomer concentration as Y crit tends to approximately 0.1 for all d. Extrapolation for d < 0.25 suggests a finite reduced critical colloid density of 0.25, which is in remarkable accord with experiment [43] ; for smaller colloids (d = 0.25), this limiting colloid density is reduced to around 0.17. Also from this finite property, we extrapolate a nonzero limiting critical pressure of about 0.4, in reasonable agreement with both TPT1 [27] and density functional theory [60] .
Rescaled density binodals show a noncollapsing dependence on macroscopic size ratio, q r , along the high-colloiddensity branch, contrary to the predictions of Bolhuis et al. and GFVT but in close agreement with recent experiments [62] . This dependence arises from the growing asymmetry in the polymer density between the phases, in accord with TPT1 predictions [27] , which suggests that, in the limit of large q r , the polymer behaves as if it is depleted by the colloid rather than the conventional concept of depletion which states the opposite. As a result, scaling laws premised on the assumption that the underlying polymer mesh governs the phase behavior are increasingly suspect in the limit of large q r . However, for the low-colloid-density (high-polymer-density) branch, such a contraction of the data is possible when appropriately rescaled. Pressure binodals, on the other hand, exhibit an intriguing collapse under similar rescaling regardless of either d or q r , consistent with the collapse of the critical pressure to a single curve also independent of these details.
Future work will focus on extending these studies to continuum space to investigate any possible artifacts of the underlying lattice (especially with regard to colloid surface curvature) and examining more closely the microscopic ratio's importance in determining the critical points in the crossover from the colloid to the protein limit. In addition, measurement of the resulting structure of the equilibrated phases may offer insight into the failure of this rescaling along the high-colloiddensity branch of the binodal curves as the partitioning of the polymer increases.
